Abstract.-A new method (HOMOCVD) of amorphous hydrogenated silicon (a-Si:II) deposition is reported in which SiH, is thermally decomposed in the vapor state to produce SiH, as the reactive intermediate. The resulting films contain up to 30 atomic % hydrogen and properties comparable to glow discharge-produced material. Since the reactive intermediate and its chemistry are unambiguously known, HOMOCVD provides insight into the nature of the deposition process.
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Introduction. -Although there have been many experiments to determine the nature of the various species present in SiH4 glow discharge^,'-^ it has not yet been possible to definitely assign a role to any of them in the chemistry of a-Si:H film growth. In recent studies we showed that amorphous hydrogenated silicon (a-Si:H) can be prepared from higher silane plasmas.7 Despite the fact that such films deposit at rates over an order of magnitude greater than those obtained from monosilane, the resulting compositional, structural and transport properties are very similar to SiH4-prepared material. Thesc results suggested that a common deposition chemistry is operative in the glow discharge chemistry of all the s i l a n e~.~.~ Specifically, on the basis of the known pyrolytic and electric discharge chemistryy-'I of SiH,, Si2kIh and Si3Hx, the initial and rate determining step in the decomposition of these gases involves the formation of the silylene diradical, SiH,:
Under comparable conditions the higher silanes are known to dccompose at a much greater rate than SiH4I1. Hence, we. speculated that faster kinetics in the initial steps (2) and (3) could be responsible for the greater a-Si:H deposition rates from Si2H6 and Si3H8 if the pyrolytic pathway is operative in the plasma. The possible importance of H2 generated in (1) slowing the deposition rate from SiH4 through a film etching reaction has recently been eliminated, at least under the low pressure, low power conditions of our experiment^.^ Hence, it was proposed that plasma deposition of a-Si:H from SiH, and the higher silanes occurs through a slow primary gas phase step of SiHz formation, followed by very rapid surface chemistry, possibly a disproportionation reaction, summarized as7
The observation that the deposition rate exhibits negligible substrate temperature dependence is strong evidence that the surface reactions have very low activation energies.
Experimental. -The experiment we have devised1, to understand the deposition chemistry of a-Si:H is shown in Fig. 1 . Monosilane is pumped through a furnace-heated reactor containing a pedestal with a nitrogencooled, metal block substrate holder. The gas is heated to Tg > 550°C, while maintaining the block (substrate) temperature TB(S) < 400°C. An adequate deposition rate is obtained from the homogeneous decomposition reaction by operating at pressures well above 1 Torr. Under these conditions, the surface decomposition reaction (i.e., conventional heterogeneous CVD) is quenched, and a film can form only by deposition and reaction of intermediates generated in the gas phase, e.g., reaction (4). l'he homogeneous CVD experiment (HOMOCVD) of Fig. 1 therefore provides a method of determining whether SiH, is a plausible film-forming intermediate, because the thermal decomposition of SiH4 is known to proceed with reaction (1) as the initial step, with molecular hydrogen the only sroble gas phase product formed.
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Deposition Kinetics-If SiHz is the film precursor, and its formation the rate determining step of the deposition reaction, then film growth in HOMOCVD should occur with an activation energy corresponding to that observed for reaction (1). In Fig. 2 we plot the gas temperature(Tg)-dependence of the growth rate at constant TB(S). At tempcraturcs Tg < 650°C, the deposition rate is activated with A E~, , = 53.9 kcal/rnole, compared to 55.9 and 52.7 kcal/mole, respectively, from static system and shock tube kinetics of homogeneous SiH, d e~o r n~o s i t i o n , ' , '~ thus confirming the intermediacy of SiH2.
Further evidence that the homogeneous decomposition rcaction is dominating growth at low TB(S) is shown in Fig. 2 (inset) . Hcrc the gas temperature is being held constant while the substrate temperature is changed over a range of more than 300'. If the surface decomposition reactions of SiH, were not quenched, the film growth rate would decline to zero with decreasing T,(S).
Instead, the rate saturates at 16 + 2 A/min below 300°C. Measurements at TR(S) down to room temperature havc confirmed this result. It is only above about 400°C that the deposition rate begins to sh6w an appreciable contribution from the hctcrogcncous rcaction. Film Properties.. To obtain practical dcposition rates from SiH4 by conventional (heterogeneous) CvD,I3 amorphous silicon is deposited at substrate temperatures above 500°C. Because of the high growth temperature, very little hydrogen remains in thc films and plasma post-hydrogenation is required to develop physical properties comparable to glow discharge-prepared material.14 In contrast, our HOMOCVD films incorporate considerable hydrogen since the substrate temperature is much lower. For example, deposition with TR(S) near room temperature results in a film of composition SiHO.ZR. The hydrogen content decreases as TB(S) increases, reaching < 0.5 at " 3 at 500°C. IR spectra shown in Fig. 3 illustrate these compositional trends and the resulting changes which occur in Si-H bonding modes with increasing T,(S). These spectra are strikingly similar to those of glow discharge films obtained over the same temperature range,Is,'(' as are the electrical transport properties and other characteristics of HOMOCVD films.'2 These will be reported in detail separately. An example of the d.c. conductivity of a sample deposited at TB(S) = 300°C is shown in Fig. 4 . Discussion-Unlike the plasma process, where the formation of many different neutral. ionic and atomic species occurs, the gas phase chemistry of I-IOMOCVD is relatively simple, involving only SiH2 and molecular hydrogen. Higher silane products, formed by the combination of SiH2 and the respective lower silane, as in the reverse (negative) of reactions (2) and (3). are much less stable than SiH,, and decompose at a higher rate under the conditions of our experiment than monosilane itself. In view of the potential importance of thcsc reactions to the plasma deposition p r o c e~s ,~~~,~~ we now examine them in somewhat greater detail. If it is assumed that the homogeneous formation of silicon hydrides beyond Si2H6 can be neglected, the steady state approximation yields the following result for the concentration of SiH2 in a static system where the brackets denote concentrations, the rate constants refer to either the forward (+) or reverse (-) of reactions (1) and (2). and kd is a constant representing the diffusion of SiH2 to the walls (and substrate). Equation (5) was derived from the rate laws for SiH4 and Si2H6 pyrolysis determined by Purnell and ~o w o r k e r s . 9 .~~ Using their rate constants, estimates of the silylene insertion rate parametersls and neglecting diffusion, equation (5) 
We can obtain limits to the silylene concentration in the following manner. In a static system, Purnell cm-', where the lower limit assumes that SiH4 alone is the primary source of SiH2, and the upper limit takes into account the secondary processes. A complete treatment of HOMOCVD kinetics would lead to a general cxprcssion which includes all higher order decomposition and insertion modes in equation [5] . Although kinetic parameters for these higher hydride formation and decomposition reactions are unknown beyond trisilane, the observed trends k,+,l > k, and k-, < k-(,+,, should continue. The actual HOMOCVD deposition rates we measure are qulte consistent with such h~gher order modes contributing to a-Si:H growth.
Film forming processes at the substrate surface are considerably more complex than the homogeneous reactions discussed here; howevcr, as previously modeled,12 we believe they also havc the character of low activation energy insertion/elimination reactions.
